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The role of coupled physical and geochemical heterogeneities in hydro-geochemical transport is
investigated by simulating three-dimensional transport in a heterogeneous system with kinetic
mineral reactions. Ensembles of 100 physically heterogeneous realizations were simulated for
three geochemical conditions: 1) spatially homogeneous reactivemineral surface area, 2) reactive
surface area positively correlated to hydraulic heterogeneity, and 3) reactive surface area
negatively correlated to hydraulic heterogeneity. Groundwater chemistry and the corresponding
effective reaction rateswere calculated at three transverse planes to quantify differences in plume
evolution due to heterogeneity inmineral reaction rates and solute residence time (τ). Themodel
is based on a hypothetical CO2 intrusion into groundwater from a carbon capture utilization and
storage (CCUS) operation where CO2 dissolution and formation of carbonic acid created
geochemical dis-equilibrium between fluids and the mineral galena that resulted in increased
aqueous lead (Pb2+) concentrations. Calcite dissolution buffered the pH change and created
conditions of galena oversaturation, which then reduced lead concentrations along the flow path.
Near the leak kinetic geochemical reactions control the release of solutes into the fluid, but further
along the flow path mineral solubility controls solute concentrations. Simulation results
demonstrate the impact of heterogeneous distribution of geochemical reactive surface area in
coordination with physical heterogeneity on the effective reaction rate (Krxn,eff) and Pb2+

concentrations within the plume. Dissimilarities between ensemble Pb2+ concentration and
Krxn,eff are attributed to how geochemical heterogeneity affects the time (τeq) and therefore
advection distance (Leq) required for the system to re-establish geochemical equilibrium. Only
after geochemical equilibrium is re-established, Krxn,eff and Pb2+ concentrations are the same for
all three geochemical conditions. Correlation between reactive surface area and hydraulic
conductivity, either positive or negative, results in variation in τeq and Leq.
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1. Introduction

Simulating reactive transport of aqueous solutes that chem-
ically interact with aquifer mineralogy is essential to understand
a wide range of Earth processes including chemical weathering
(e.g. Maher, 2010; Moore et al., 2012; Navarre-Sitchler et al.,
Sciences Division, Los
2011; Steefel et al., 2005), carbon capture utilization and storage
(CCUS) (e.g. Apps et al., 2010; Navarre-Sitchler et al., 2013;
Zheng et al., 2009), water quality (Atchley et al., 2013a; Carroll
et al., 2009), and risk assessment (Atchley et al., 2013b; Siirila
andMaxwell, 2012; Siirila et al., 2012). Of recent interest is CCUS
impacts to groundwater where both hydrological and geochem-
ical processes play an important role in understanding the
potential for water quality degradation in the event of a CO2 leak
(Atchley et al., 2013a; Wilkin and Digiulio, 2010; Zheng et al.,
2009). Recent work has suggested that increases in aqueous lead
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(Pb2+) concentrations from galena dissolution in reducing
aquifers may occur due to a CO2 intrusion into groundwater
(Wang and Jaffe, 2004; Apps et al., 2010). The ultimate impact of
Pb2+ concentrations on groundwater quality and human health
is a product of plume spreading and time dependent geochem-
ical reactions (Atchley et al., 2013b; Siirila et al., 2012). However,
few published articles exist concerning the tightly coupled
hydrological and geochemical processes of mineral dissolution
and reactivation of mineral precipitation that shape transport
and time dependent speciation of chemically reactive solutes.
The goal of this work is to demonstrate the combined effects of
physical and geochemical heterogeneities on mineral reaction
rates in time and reactive solute transport length as an aquifer
responds to geochemical disequilibrium induced by a hypothet-
ical CO2 leakage scenario.

Physical subsurface heterogeneity has been shown to govern
mixing and spreading of conservative solutes (e.g. Cirpka and
Kitanidis, 2000; Dagan, 1984; Mercado, 1967; Rubin, 1991;
Sudicky, 1986; Yeh, 1992), but reactive solutes demonstrate
added complexity as the chemical composition evolves when
coupled with transport. For example, Atchley et al. (2013a)
demonstrated that solute residence time governs solute
conditions in a homogeneous geochemical system resulting in
varied plume lengths due to reactions in fast or slow transport
paths. Additionally, reaction rates resulting from kinetic dis-
equilibrium between advected solute and the host material
decreasewith time and transported distance (Dentz et al., 2011;
Lichtner, 1988; Navarre-Sitchler and Brantley, 2007; Scheibe
et al., 2007; White and Brantley, 2003), causing non-linear
changes to subsurface chemistry during groundwater transport.
Often these rates of geochemical reactions are low (Bearup et al.,
2012), and non-equilibrium conditions may exist throughout a
plume. Therefore, the process of reaching equilibrium inhydro-
geochemical transport can also shape solute characteristics at
large scales even in geochemically homogeneous systems
(Maher, 2010, 2011).

Like hydrologic heterogeneity, it is well known that aquifer
mineralogy is also spatially heterogeneous and therefore will
cause spatially variable geochemical reactive transport condi-
tions (Barber et al., 1992; Tompson et al., 1996; van der Zee and
van Remsdijk, 1991). In instances of heterogeneous geochem-
ical conditions hydraulic heterogeneity can move reactive
solutes to or away from areas of reactivity in transport limited
conditions (Navarre-Sitchler et al., 2009, 2011; Li et al., 2010).
Delineating the influence of heterogeneous hydrological
processes versus geochemical processes has typically been a
difficult task due to the dynamic interplay between reactions
and transport. Here we simplify the problem and use spatially
variable reactive mineral surface area correlated to hydraulic
conductivity to elucidate contributions from physical and
geochemical heterogeneities on reactive plume evolution.

Reactive mineral surface area is often negatively correlated
to hydraulic conductivity because larger surface areas tend to
accompany low hydraulic conductive areas (Barber et al., 1992;
Seeboonruang and Ginn, 2006; Tompson et al., 1996; van
der Zee and van Remsdijk, 1991). However, some studies show
evidence for positively correlating reactive surface area to
hydraulic conductivity, where packing order, grain size distri-
bution, or mineral composition may reduce reactive surface
areas in low hydraulic conductive areas (Allen-King et al., 1998;
Holdren and Speyer, 1987; Robin et al., 1991; Scheibe et al.,
2007). First-order biodegradation studies have also imple-
mented positively and negatively correlated biodegradation
rates to hydraulic conductivity in two-dimensional domains
(Cunningham and Fadel, 2007). Negatively correlated bio-
degradation rates exhibited extended plume fingering, while
positively correlated biodegradation rates reduce plume
fingering and solute heterogeneity.

Effective reaction rates are often used to upscale heteroge-
neous rates of geochemical processes at small sub-grid-scale
(pore to sub-meter scale) to a homogenized larger-scale (meter
to tens ofmeters) discrete grid cell or representative elementary
volume (REV) (Li et al., 2006, 2007; Meile and Tuncay, 2006;
Navarre-Sitchler et al., 2009). At the REV scale, effective reaction
rates can capture plume development only if each mineral
phase of a geochemically heterogeneous system has the same
net average fluid contact time as a homogenized geochemical
system (Glassley et al., 2002). However, spatially heterogeneous
reaction rates can appear at scales larger than the REV and
therefore shape large-scale chemistry (Cunningham and Fadel,
2007; Maxwell et al., 2003, 2007; Scheibe et al., 2007; Tompson
et al., 1996; Valocchi, 1989). A simulation of linear kinetic
reactive transport over large-scale, two-dimensional physically
and chemically heterogeneous domains found that homoge-
neous representations of linear reaction rates would only be
valid if the chemical heterogeneity is much smaller than that of
physical heterogeneity (Seeboonruang and Ginn, 2006). Yet to
be tested is the role that non-linear kinetic reactions, as
calculated using transition state theory (Aagaard andHelgeson,
1982; Steefel and Lasaga, 1994), play in determining the
relevance of geochemical heterogeneity in a three-dimensional
aquifer. Thus, in order to better understand the chemical state
of a reactive plume and the effective parameters at any point,
we investigate three-dimensional plume evolution within the
non-equilibrium stages of reactive transport.

2. Methods

Monte Carlo ensembles of 100 three-dimensional heteroge-
neous subsurface realizations are used to simulate reactive
transport. Mineral dissolution and resulting reactivation of
precipitation are tracked at a sequence of planes transverse
to the mean flow direction. Three geochemical scenarios are
examined: 1) a homogeneous geochemical condition, 2) a
positive correlation of reactive surface area to grid cell hydraulic
conductivity, and 3) a negative correlation of reactive surface
area to grid cell hydraulic conductivity. All three geochemical
conditions are simulated over the same 100 heterogeneous flow
fields for a simulation duration of 6000 days or approximately
16.5 years. Geochemical reactions are simulated as non-linear
kinetically driven mass transfer reactions calculated by transi-
tion state theory (Aagaard and Helgeson, 1982; Steefel and
Lasaga, 1994). The domain average reactive surface area is the
same for each of the three geochemical ensembles simulated
and the homogeneous geochemical domain represents a
domain averaged reactive surface area. The positively and
negatively correlated surface area ensembles have spatially
heterogeneous geochemical conditions. Effective reaction rates
(Krxn,eff) and Pb2+ concentrations are compared within and
across geochemical ensembles at a sequence of three planes
(200 m, 400 m, and 600 m down gradient from the CO2 source
location, Fig. 1) and the pumping well (900 m from the CO2
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source, Fig. 1). This approach allows us to evaluate Pb2+

concentrations as the plume is transported down gradient
toward the pumping well and geochemical equilibrium is re-
established.

Reactive transport resulting from CO2 intrusion into an
aquifer is simulated along each of the one-dimensional
streamlines mapped in the aquifer (described below) using
CrunchFlow, a fully kineticmulti-component reactive transport
code (Steefel, 2001; Steefel and Yabusaki, 1996). CO2 leakage,
continuous for the duration of the simulation, causes a decrease
in aquifer pH as CO2 dissolves in the water and forms carbonic
acid (H2CO3). This reduction in pH drives galena and calcite
dissolution (Table 1). Galena dissolution releases Pb2+ to
Fig. 1.Domainmapof source zone, pumpingwell, and the three transverse planes. The lon
ΔL in plot A overlaid on an example realization of a permeability field. Plot B shows a posi
and plot D a negatively correlated surface area domain. The same permeability field exam
solution. These two geochemical reactions are coupled through
the proton concentration (pH). The rapid consumption of H+

through calcite dissolution changes the saturation state of
the water with respect to galena, and therefore the galena
dissolution rates. As the pH is buffered by calcite dissolution in
the higher Pb2+ waters just downstream of the CO2 leak,
the water oversaturates with respect to galena and galena
precipitates from solution. For a complete description of the
geochemical conditions and aquifermineralogy used see Atchley
et al. (2013a). Mass transfer as simulated by transition state
theory represents dissolution reaction rates as a negative value
while precipitation rates are a positive value; at geochemical
equilibrium reaction rates are near zero where dissolution and
gitudinal distance from theCO2 source for eachplane andpumpingwell is noted as
tively correlated surface area domain, plot C a homogeneous surface area domain,
ple is used for all three geochemical representations. All views are planar.



Table 1
Ensemble average and range of Am (bulk reactive surface area [m2/m3]).

Geochemical condition Ave SAbulk Highest SAbulk Lowest SAbulk α b

Calcite
Negative 73,137 147,799 930 15,408.6 99,608
Positive 73,196 149,331 1074 15,408.6 46,725.8
Homogeneous 73,167

Galena
Negative 136,960 277,221 1307 28,947.2 186,688.3
Positive 137,070 280,100 1579 28,947.2 87,341.5
Homogeneous 137,015

Mineral/aqueous species Reaction stoichiometry Rate constant km [mol/m2/s] (log) Log Ksp at 25 °C

Calcite CaCO3 + H+ ↔ Ca2+ + HCO3
− −11.5 1.8487

CO2 (aq) CO2 + H2O ↔ HCO3
− + H+ – 10.329

Galena PbS + H+ ↔ Pb2+ + HS− −11 −14.8544
H2S (aq) H2S ↔ HS− + H+ – −7.9759
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precipitation mass transfer are equal to each other. CrunchFlow
accounts for changes in reactive surface area from mineral
dissolution and precipitation reactions by

Am;dissolution ¼ Am;i
ϕ
ϕi

� �
ϕm

ϕm;i

 !2=3

2
4

3
5

Am;precipitation ¼ Am;i
ϕ
ϕi

� �� �2=3

ð1Þ

where Am is the bulk reactive surface area of mineral m and i is
the initial condition. ϕ is the aquifer porosity, and ϕm,i is the
volume fraction of mineral m at initial condition i. Therefore,
kinetic reaction rates change in space due to changing plume
conditions along the transport path, and change in time due to
the changing reactive surface area of dissolving and precipitating
minerals at a given point along the transport path. Changes in
porosity frommineral dissolution and precipitation are assumed
to be negligible, given that the bulk of the aquifer mineralogy is
made up of non-reactive quartz (See Table 2 in Atchley et al.,
2013a) and that small changes in porosity have anegligible effect
to changes in flow (Obi and Blunt, 2006).

Krxn,eff [mol/m2 day] values for galena dissolution were
calculated for each ensemble of positively and negatively
correlated surface areas, as well as the homogeneous ensemble
by a dimensional analysis expressed as:

Krxn;eff
mol

m2day

� �
¼ β C0−Cð Þϕ

τ � Am;galena
� 1000

L
m3

� �
: ð2Þ
Table 2
τeq and corresponding simulation time for each ensemble. Ensemble median residence

Simulation time Positive

τeq [day] 1000 [day] 481
6000 [day] 482

Median tau [day] Krxn,eff [mol/m2 day] Pb [mol/L]

Plane 1 (ΔL = 200 m) 89.6 −4.53E−13 3.16E−11
Plane 2 (ΔL = 400 m) 199.7 −1.52E−13 2.55E−11
Plane 3 (ΔL = 600 m) 377.8 −7.12E−14 2.34E−11
Well (ΔL = 900 m) 641.9 −3.93E−14 2.24E−11
C0 is the initial Pb2+ concentration [mol/L], which is
7.25 × 10−12 [mol/L]. C is the ensemble Pb2+ concentration
measured at the planes or pumping well. β is the
stoichiometric coefficient for Pb in galena, which is 1.
Am,galena is the bulk surface area for galena [m2/m3] and ϕ is
the porosity of the aquifer [m3/m3]. τ is the ensemble
median residence time for each plane or the pumping well
[days]. A conversion factor of 1000 [L/m3] is used to convert
from liters of groundwater to volume of groundwater.

The homogeneous geochemical condition has a bulk
reactive surface area (SAbulk) of 73,167 and 137,015 [m2/m3]
for calcite and galena respectively (Table 1). The physical
heterogeneity of the subsurface had a variance of hydraulic
conductivity (σ2

lnK) of 3.61. A heterogeneous correlation
length of 10 [m] longitudinally and 1 [m] vertically was used
with cell dimensions of 3 × 3 × 0.3 [m]. Reactive surface areas
were positively correlated to hydraulic conductivity (Khc) and
then negatively correlated to hydraulic conductivity (Fig. 1) by:

Positive correlation ¼ SAp ¼ LOG Khcð Þ � α þ bp ð3Þ

Negative correlation ¼ SAn ¼ LOG Khcð Þ � −αð Þ þ bn ð4Þ

where α and b describe the scale and relationship of the surface
area correlation. α and b parameters were fitted such that both
the positively and negatively correlated ensembles had the
same domain average reactive surface area as the homoge-
neous reactive surface area ensemble. α was 15,408.6 and
28,947.2 for calcite and galena respectively. bp was 46,725.8
and 87,341.5 for calcite and galena in the positively correlated
time, average Krxn,eff, and average Pb2+.

Homogenous Negative

481 492
482 495

Krxn,eff [mol/m2 day] Pb [mol/L] Krxn,eff [mol/m2 day] Pb [mol/L]

−4.61E−13 3.2E−11 4.74E−13 3.27E−11
−1.54E−13 2.57E−11 −1.58E−13 2.62E−11
−7.12E−14 2.34E−11 −7.26E−14 2.37E−11
−3.93E−14 2.24E−11 −3.96E−14 2.25E−11
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case, and bn was 99,608.0 and 186,688.3 for calcite and galena
in the negatively correlated case. The ranges for reactive surface
areas for the positively and negatively correlated cases are
shown in Table 1. Relating the reactive surface area to the
LOG(Khc) equates to a smaller magnitude of chemical hetero-
geneity compared to physical heterogeneity. This relationship
between reactive surface area and hydraulic conductivity tests
the findings of Seeboonruang and Ginn (2006) that homoge-
neous representations of reaction rates are valid if chemical
heterogeneity is much smaller than physical heterogeneity for
non-linear kinetic reactions.

The streamline method described in Atchley et al. (2013a) is
used to simulate kinetic geochemical reactive transport of CO2

impacted groundwater from a CO2 source area to a pumping
well, located 900mdown gradient. The streamlinemethodology
is a well-documented approach that reduces three-dimensional
transport in space to a one-dimensional transport equation in
time of flight or residence time (τ) (Crane and Blunt, 1999; Ginn,
2001; Ginn et al, 1995; Maxwell et al., 2003; Thiele et al., 1996).
While mixing between streamlines is not considered in the
streamline approach, macrodispersion and plume spreading are
directly modeled and have been shown to accurately capture
physical transport when the timescale for transverse dispersion
is longer than the travel time through the system (Viswanathan
and Valocchi, 2004). In this streamline application a collection of
flux weighted streamlines is initiated at a pumping well and
traced backwards through the domain for each realization.
Streamline fluxes are assigned within each grid cell, noted as j,
that the pumping well screen passes through by

QSTL ¼
Q j

lSTL
ð5Þ

where Qj is the flux of water from grid cell j to the pumping well
within grid cell j and lSTL is the number of streamlines seeded
around the well in grid cell j. Qj is found by

Q j ¼ Qt
K j

Ksum

� �
ð6Þ

Ksum ¼
X1→n

i¼1

Ki ð7Þ

where Kj is the hydraulic conductivity of grid cell j, and Ksum is
the sum of all grid cell hydraulic conductivities that the entire
pumping well screen passes through. Eqs. (5)–(7) dictate that
each of the streamlines within a given realization has a unique
flux that reflects the heterogeneous hydraulic conductivity of
the aquifer. Collectively, these streamlines represent the water
moving from a source to the pumping well through a three-
dimensional aquifer. Given that each realization within the
ensemble represents a unique, equally-probable physically
heterogeneous domain, the spreading explicitly mapped by
the streamlines results in unique flux of water between the CO2

source zone and pumping well (Atchley et al., 2013a). Pb2+

concentrations calculated at the three planes are only from
streamlines that are captured by the pumping well and cross
the CO2 source area, which results in a consistent volume of
groundwater to analyze between the three planes and at the
pumping well for each realization.
3. Results and discussion

3.1. Geochemistry along the streamlines

Residence time (τ) on a streamline at location reference ζ and
the advected length (L) in the X direction over a corresponding
distance (s) along the streamline are related as a function of the
streamline tortuosity (ω) and velocity (v) of the fluid traveling
through the porous media (Fig. 2) by the streamline transform

τ ¼
Zs
0

L ζð Þ
v ζð Þ dζ ð8Þ

where

L ζð Þ ¼ X ζð Þ−X 0ð Þ ¼
s
ω
: ð9Þ

The streamline transform allows a three-dimensional plume
in space to be represented by individual 1D flow paths in time
(Fig. 2). Thus, evolving Pb2+ concentrations along a single
streamline plotted versus residence time (τ along the x-axis),
depict geochemical conditions along a tortuous path through
the aquifer. Each streamline has a unique relationship between
τ and L, determined by variation in hydraulic conductivity along
the streamline, which affects both fluid velocity and streamline
tortuosity. The τ and L relationship of all streamlines along with
local geochemical reactions in each grid cell determine the
collective reaction progress at the transverse planes or pumping
well.

Individual, deconvolved streamlines provide information
about the geochemical reactions and rates within the aquifer.
Pb2+ concentrations initially increase along the streamlines as
galena dissolves within short residence times and then slowly
decrease as galena precipitates (Fig. 2). These changes in Pb2+

concentration are the result of changes in the saturation state of
galena. A drop in pH, resulting from CO2 dissolution into the
water, induces galena under saturation causing dissolution
near the leak. Galena dissolution increases Pb2+ concentra-
tions. The pH decrease also induces under saturation of fluid
with respect to calcite, the dissolution of which buffers the pH
change. Thus, calcite dissolution increases pH along the
streamline and, in turn, causes the saturation state of galena
to increase and ultimately galena becomes over saturated and
precipitates. The precipitation of galena results in a gradual
lowering of Pb2+ concentrations further along the streamline
(Fig. 2). Eventually the fluid and minerals re-equilibrate and
Pb2+ concentrations no longer change with increasing τ or L.

Reaction rates of galena and calcite change along the
streamline as the fluid composition, and therefore degree of
dis-equilibrium between the fluid and minerals, changes
(Aagaard and Helgeson, 1982; Steefel and Lasaga, 1994). Local
calcite reaction rates (computed in each grid cell) are the
fastest near the sourcewhere the CO2 leak induces geochemical
dis-equilibrium and slowwith increasing τ until the system re-
equilibrates (Fig. 3). The τ of the advected fluid from the CO2

source to the point of re-equilibrium where reaction rates
approach zero is noted as τeq. The advection distance at which
fluid equilibrates with aquifer material Leq as defined by Maher
(2010) is related to τeq by the streamline transform (Eq. (8)).



Fig. 2.A Pb2+ concentration profile of a representative streamline delineating τeq, background Pb concentrations, and the newPb concentration at equilibrium. Negative
values of the slope of the blue arrows represent effective galena dissolution reaction rates (Krxn,eff). The relationship between residence time (τ) and advection length is
shownwith residence time plotted on the bottom x-axis and advection length in the x-direction of the flow domain plotted on top. Geochemical conditions that affect
the reaction rate such as reactive surface area determine the residence time required to achieve τeq. The physical heterogeneity that determines speed of advection and
reaction rate then defines the Leq.
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We term the zone where τ b τeq the kinetic zone, in which
non-linear kinetic reaction rates influence Krxn,eff. The zone
where τ N τeq is noted as the equilibrium zone in which only
residence time influences the observed Krxn,eff. τeq is the
transition point in time between the two zones and can also
be described by the Damköhler number, which is when the
ratio of the reaction rate over the advection rate is one
(Boucher and Alves, 1959; Jennings, 1987; Steefel and Maher,
2009). The τeq for all ensembles is quantitatively defined here
(Table 2) as the point at which the percent change in reaction
rate from one cell to the next (where cell length represents
residence time in the streamline transform) is b0.1%. τeq can
also be thought of as the extent of the reaction front from the
leak, which is an evolving result.

For the positively correlated and homogeneous conditions
τeq equaled 481 days after 1000 days of simulation time and
482 days after 6000 days of simulation time. τeq for the
negatively correlated case increased from 492 to 495 days over
the duration of the simulation (Table 2). Thus, despite the
influence of geochemical heterogeneity along each streamline,
as represented by calcite surface area (Fig. 3), the weathering
front is nearly static. This static weathering front is represen-
tative of conditions where the reduction of calcite volume and
therefore reactive calcite surface area is not fast enough to
deplete calcite at any point along the streamline. Calcite does
not deplete in the first grid cells along the flow paths during the
simulation, therefore we see little movement of the reaction
front but would expect typical moving boundary behavior for
this system at longer simulation times (Lichtner, 1988; Maher,
2010; White and Brantley, 2003). However, measurable calcite
depletion and a corresponding reduction in calcite dissolution
rates near the CO2 source are observed as the simulations
progress in time (Fig. 3). The decrease in calcite dissolution rates
at short transport distances increases the geochemical disequi-
librium at larger transport distances within the kinetic zone
before τeq is achieved. This increase in disequilibrium at larger
transport distances in turn increases the calcite dissolution
rates at these larger distances before τeq is achieved (Fig. 3).
Therefore, during the simulations presented here the total
residence time and corresponding distance over which kinetic
mineral reactions occur stays the same, as in a quasi-stationary
state moving boundary condition (Lichtner, 1988).

3.2. Reactive plume evolution

The reactive plume in each realization is a collection of
streamlines with unique residence times that make up the
ensemble cumulative distribution of residence time at each
plane and at the pumping well (Figs. 1 and 4). Given that
physical heterogeneity determines the τ to L relationship for
each streamline, Pb2+ concentration at any given transverse
plane is then a product of a host of groundwater chemical
conditions resulting from the cumulative distribution of
residence time intersecting the plane. Consequently, the role
that physical heterogeneities play in determining solute
residence time and therefore the chemical condition at the
plane may be especially important as aquifer conditions such
as σ2

lnK, covariance function, and aquifer stratification vary
(Atchley et al., 2013a; Siirila et al., 2012). Here the residence
time distribution at each plane and the well is identical for
each heterogeneity scenario because the same 100 hydraulic
conductivity fields were used for ensembles in each heteroge-
neity scenario.

By controlling for physical heterogeneity and inducing
geochemical heterogeneity these simulations demonstrate the
influence of heterogeneous geochemical conditions on reactive

image of Fig.�2


Fig. 3. Streamline profiles showing reactive surface areas and local-scale
reaction rates for calcite. Positively correlated, homogeneous surface areas, and
a negatively correlated profile are shown at 1, 3, 4, 5, and 6 thousand day
simulation time increments. Because calcite dissolution equates to a negative
reaction rate, areas of high reactive surface area will correspond to strongly
negative reaction rates before equilibrium is met.

Fig. 4. Ensemble residence time cumulative distributions of all streamlines at
each plane and pumping well, labeled by the advected distance from the CO2

source. The residence time cumulative distributions are the same for each
ensemble because each geochemical scheme was simulated on the same 100
physically heterogeneous realizations. The range of τeq listed in Table 2 for all 3
ensembles is plotted.
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plume evolution in this system where the aquifer mineralogy
itself is the source of contamination and not a point source as
in much of the research on contaminant fate and transport
(Cunningham and Fadel, 2007; Ginn et al., 1995;Maxwell et al.,
2003; Siirila et al., 2012). Here we find that the Pb2+ flux
through these planes and the pumping well varies with the
three correlations of reactivity with heterogeneity (Fig. 5) and
that the degree of Pb2+ flux difference between surface area
distributions decreases with transport distance. Close to the
source, where the reactive surface area influences geochemical
reaction rates, dis-equilibrium between the fluids and aquifer
mineralogical heterogeneity influences plume evolution. How-
ever, at points N τeq from the source where the fluids have re-
equilibrated with the solids, plume evolution is a function of
physical heterogeneity only. The residence time at thepumping
well 900 m down gradient from the CO2 source is essentially
equal to the mean of the τeq for the three geochemical
ensembles (Fig. 4). Therefore, steady-state Pb2+ mass flux at
the pumpingwell in the three geochemical conditions varies by
only 3.7 × 10−8 mol/day, but because not all the streamlines
terminating at the pumping well have achieved equilibrium
Pb2+mass flux is still higher than the geochemical equilibrium
(Fig. 5). Galena precipitation reduces the Pb2+ concentration
along streamlines for all three geochemical conditions (Fig. 2)
leading to a decrease in Pb2+ mass flux across the transverse
planes further from the leak zone (Fig. 5).

In order to demonstrate how small scale geochemical
heterogeneities influence large scale effective reaction rates,
Krxn,eff was calculated for the three geochemical conditions
using Eq. (5) and the median residence time for each plane
shown in Fig. 6. At any point along the profile Krxn,eff represents
the cumulative effect of the unique local Krxn values in all
streamlines at earlier residence times, which includes both
precipitation and dissolution. Even though the domain average
reactive surface areas are the same for each geochemical cases
simulated (Table 1), the Krxn,eff varies between the three cases
in the kinetic condition zone. Consistentwith previous research
(Dentz et al., 2011; Lichtner and Tartakovsky, 2003) the
departure of reaction rates from zero, or geochemical equilib-
rium, decreases with residence time for all cases simulated
(Fig. 6A and Table 2). For the scenario simulated here Krxn,eff is
negative (mineral dissolution) at each plane despite galena
precipitation through most of the domain. The decrease in
Krxn,eff with residence time reflects the removal of Pb2+ from
solution by this precipitation, thus Krxn,eff does not provide a
complete picture of the geochemical reactions in the

image of Fig.�3
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Fig. 5. Ensemble average breakthrough curves for all three geochemical
ensembles are shown for each plane and the pumping well. Distance from the
CO2 source zone is listed corresponding to each plane or the pumping well.
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subsurface. As Krxn,eff slows with residence time, the difference
between Krxn,eff of each of the three scenarios also decreases
from ~2% between the positively and negatively correlated
surface areas and the homogeneous case to 0% between positively
correlated surface area and homogeneous at ~400 days of
residence time. The Krxn,eff difference between the negatively
correlated surface area and the homogeneous case approaches 0%
at ~600 days (Fig. 6B). This convergence of Krxn,eff results from the
re-establishment of equilibrium by approximately 500 days
of residence time for each geochemical scenario. Differences
in Krxn,eff between the transverse planes within a given
geochemical condition are ~5 times greater than the differ-
ences in Krxn,eff at the same plane in the three geochemical
conditions.

Differences in Krxn,eff in these simulations where physical
heterogeneity is the same in each geochemical scenario, but
mineralogical heterogeneity varies help elucidate the role of
geochemical and physical heterogeneities in complex reactive
transport systems. In the positively correlated ensemble,
reactions occur fast in areas where transport is also fast,
which brings groundwater in preferential flow paths to near
Fig. 6. Plot A shows the change in Krxn,eff for galena dissolution for each geochemical en
was calculated using Eq. (2). The plane and pumping well data points are labeled in plo
the homogeneous geochemical ensemble at the corresponding residence time for each
increases.
equilibrium conditions. Reactions are slow in streamlines with
long residence times, but because residence times are also long,
reactions have ample time to achieve equilibriumbefore reactive
solute arrives at the transverse planes or pumping well. The net
result is that groundwater in the positively correlated and the
homogenous ensemble reaches equilibrium faster than the
negatively correlated ensemble (Table 2). In the negatively
correlated ensemble, reactions are fast in slowmovingwater and
reach geochemical equilibrium relatively quickly even though
solute has advected a short distance. However, groundwater in
fast moving preferential flow paths reacts slowly and does not
reach equilibrium prior to the transverse planes or pumping
well. Moreover, because preferential flow paths have larger
fluxes of water relative to slower moving flow paths (Atchley
et al., 2013a; Moreno and Tsang, 1994) a larger portion of the
water captured at the planes or pumping well is not at
equilibrium even at larger travel distances for the negatively
correlated ensemble. Therefore, the Pb2+ concentration and
reaction rate at the pumping well are slightly higher for the
negatively correlated case than the other two geochemical
conditions simulated (Table 2).

Initial dissolution followed by precipitation of galena along
the streamlines complicates the extrapolation of Krxn,eff to the
subsurface processes. In these numerical simulations we know
that galena dissolves in the first few cells and Pb2+ concentra-
tions increase and that galena precipitates along the rest of the
streamline reducing Pb2+ concentrations. However, the net
increase of Pb2+ in solution results in Krxn,eff that indicates galena
dissolution. Thus, a comparison between Krxn,eff for positively
and negatively correlated surface areas in Table 2 suggests that
galena dissolution rates are faster in the negatively correlated
case relative to the positively correlated case. However, the faster
Krxn,eff in the negatively correlated case is due to slower galena
precipitation rates in the negatively correlated case, which
results in slower Pb2+ concentration reductions along the
streamline compared to the positively correlated case. As a
result, it takes longer for the system to re-equilibrate when
surface area is negatively correlated to hydraulic conductivity
(Table 2). In cases where changes in solute concentrations are
related to either mineral dissolution or precipitation, but not
both, negatively correlating reactive surface area to permeability
semble at themedian residence time of each plane and the pumpingwell. Krxn,eff

t A. Plot B shows the percent difference of each geochemical ensemble Krxn,eff of
plane and pumpingwell. Note that the Krxn,eff values converge as residence time
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will still result in a larger departure from equilibrium over the
duration of the reaction path compared to positively correlated
reactive surface areas in preferential flow paths (Fig. 7).
Moreover, if the negative correlation of reactive surface area is
strong enough, τeq and Leq will also be extended in time. In this
case, the Krxn,eff would be smaller in the negatively correlated
case, which results in extending the reactive time scales andmay
in part be responsible for the reduction of Krxn,eff observed at field
scales (Maher, 2011; Moore et al., 2012; Navarre-Sitchler and
Brantley, 2007; Riebe et al., 2004).

Differences in heterogeneity distribution also give rise to
differences in plume fingering (Fig. 8). In early to mid-plume
development and residence times, fingering is more pro-
nounced in the negatively correlated domains compared to the
positively correlated domains. This observation agrees with
previous findings (Cunningham and Fadel, 2007) and leads to a
conceptual model of this system presented in Fig. 7. At long
transport distances and late reaction times, the positively and
negatively correlated Pb+2 concentration plumes are approxi-
mately the same (light blue segment of both the positively and
negatively correlated plumes in Fig. 8). Three separate processes
are working to cause the early to mid-transport differences and
late transport similarities between the positively and negatively
correlated plumes depicted in Fig. 8. First transport in the
physically heterogeneous domains causes spreading in space
and time, which in turn provides a physical structure for plume
figuring to form. Second, the physical heterogeneity in the two
heterogeneity distributions results in the fluid sampling a larger
distribution of hydraulic conductivity (and therefore in the
positively- and negatively-correlated plumes, reactive surface
areas) over time. The difference between positively- and
negatively-correlated plumes evolves as a function of length
along the plume as the different geochemical cases sample an
increasingly unique distribution of reactive surface areas (inset
of Fig. 8). Third, the dissolving of calcite and precipitation of
galena resulting in re-equilibration between the fluid and the
minerals occurs along the flowpath in each of the heterogeneity
distribution cases, which slowly counters the heterogeneous
developments of the first two processes. Thus, plume
evolution far from the source (τ N τeq) is approximately the
same regardless of heterogeneity distribution. The combined
effect of these three processes (Fig. 7) results in noticeable
differences in Pb2+ concentration in the early tomid-transport
distances of the plumes (Fig. 8). Despite all three geochemical
Fig. 7. Simplified reaction profiles for positively and negatively correlating reactive sur
time to equilibrium between the two geochemical cases. The slope of the arrows de
profiles.
cases resulting in the same geochemical equilibrium, the
specific τeq and plume evolution within the kinetic condition
zone is unique for each case simulated. For example, negatively
correlating reactive surface area to hydraulic conductivity
extends the kinetic condition zone and the calcite buffering
action. The slower buffering action in the negatively correlated
case in turn slows galena precipitation and extends the plume
fingering.

4. Summary and conclusions

Geochemical reactive plume developmentwas investigated
using a streamline approach to simulate coupled physical and
geochemical heterogeneities. Three geochemical conditions
were tested over an ensemble of 100 physically heterogeneous
(hydraulic conductivity) realizations: a spatially homogeneous
geochemical condition, and a reactive surface area positively
and negatively correlated to hydraulic conductivity. Pb2+

concentrations, fluid residence times, and local reaction rates
were examined to interpret the impact of local conditions on
large-scale geochemical and hydrological processes. Results
show that despite all three geochemical ensembles having the
same domain average reactive surface area, plume evolution
is unique for each ensemble; subsequently differences in Pb2+

concentrations at early to mid-transport times occur between
the three ensembles. At late transport times, all three
geochemical schemes Pb2+ concentrations become the same
because the same geochemical equilibrium is achieved regard-
less of the spatial configuration of the geochemical conditions.
However, because plume evolution toward geochemical equi-
librium is unique for the three correlations of reactivity with
heterogeneity, the transport time and length scales to achieve
equilibrium, defined here as τeq and Leq respectively, are also
unique. Negatively correlating reactive surface areas to hy-
draulic conductivity had the longest τeq and Leq, and positively
correlating reactive surface areas to hydraulic conductivity and
the shortest τeq and Leq.

Two zones of large-scale reaction rates, Krxn,eff, were de-
lineated in the simulations (Figs. 2 and 7). The kinetic condition
zone occurs prior to τ = τeq, where reaction kinetics contribute
to the change in Krxn,eff. The equilibrium condition zone occurs
where τ N τeq and residence time is the sole governor of Krxn,eff.
Within the kinetic condition zone, large-scale reaction rates
varied between the three geochemical conditions because of
face areas in a precipitation and dissolution reaction. Δτeq shows the changing
monstrates the different Krxn,eff values for positively and negatively correlated

image of Fig.�7


Fig. 8. Positively and negatively correlated plumes from the same physically heterogeneous domain are compared. The inset showcases the pronounced fingering and
larger Pb2+ concentrations in the kinetic condition zone for the negatively correlated ensemble compared to the positively correlated case. Beyond the inset, Pb2+

concentrations are nearly the same between the positively and negatively correlated cases (depicted in light blue), because both cases achieve the new geochemical
equilibrium.
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the small-scale differences in reactive surface areas. This
suggests that ignoring small-scale geochemical properties
can be problematic for estimating larger-scale reactive
plume conditions. However, once geochemical equilibrium
is achieved, small-scale geochemical heterogeneities no longer
actively affect plume characteristics. Conversely, spatial config-
urations of geochemical reactive surface areas can also influence
τeq and Leq, which extends the reactive portion of the plume.
Therefore, defining the transport time scales where small-scale
kinetic reactions can be neglected is difficult without first
considering the physical and geochemical configurations.

In order to understand the overall plume development both
physical and geochemical heterogeneities should be jointly
considered. Here hydraulic conductivity heterogeneity was
shown to provide a physical structure for plume fingering. The
heterogeneous geochemical relationship to hydraulic conduc-
tivity can then decrease the observed fingering, as is the case for
positively correlating reactive surface area to hydraulic conduc-
tivity, whereas negative correlation will result in pronounced
plume fingering. These results are supported by studies of
correlating heterogeneous biodegradation rates (Cunningham
and Fadel, 2007;Maxwell et al., 2003; Scheibe et al., 2007). In the
geochemical reactive transport system studied here, all reactions
tend toward a new geochemical equilibrium. The result is that
at some transport time or distance all configurations of
geochemical reaction rateswill arrive at the same reactive solute
condition. However, the hydro-geochemical transport described
abovewill contribute to the spatial evolution of a reactive plume,
and therefore each physical and geochemical configuration will
have unique τeq and Leq scales at which reactions cease to occur.
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